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The recombination of a free electron into a bound state of bare, heavy nucleus under simultane-
ous production of bound–electron—free–positron pair is studied within the framework of relativistic
first–order perturbation theory. This process, denoted as “negative–continuum dielectronic recom-
bination” leads to a formation of not only the ground but also the singly– and doubly–excited states
of the residual helium–like ion. The contributions from such an excited–state capture to the total
as well as angle–differential cross-sections are studied in detail. Calculations are performed for the
recombination of (initially) bare uranium U92+ ions and for a wide range of collision energies. From
these calculations, we find almost 75 % enhancement of the total recombination probability if the
excited ionic states are taken into account.
PACS numbers: 31.30.Jv, 34.80.Lx
I. INTRODUCTION
Owing to the recent advances in heavy–ion accelerators
and ion storage rings, the electron–positron pair creation
in ion–atom (or ion–ion) collisions attracts much of to-
day’s interest both in experiment and theory [1, 2, 3].
The investigation of this process is of great importance
not only for a better understanding of the physics of
extremely strong electromagnetic fields but also for the
development of novel collider facilities [4, 5]. A large
number of studies are focused, therefore, on the bound–
free pair production in which electron is created in an
atomic (ionic) shell under a simultaneous emission of a
free positron. Experimentally, such a pair production
is usually observed in relativistic collisions of highly–
charged ions with medium– and high–Z atomic targets
[6, 7, 8]. Special attention in these experimental stud-
ies is paid to the total (pair creation) cross-sections and
to their dependence on both the collision energy and
the nuclear charge of both the projectile and the tar-
get. Theoretical analysis of the total cross-sections is
not a simple task since it usually requires the solution
of the two–center time–dependent Dirac equation. Even
though a number of approaches, such as the coupled–
channel methods [1, 2, 9, 10] and the lattice numerical
solutions [11, 12], have been developed to deal with the
two–center Dirac problem, they result in very demanding
and time–consuming calculations.
Apart from the energetic collisions of high–Z projec-
tiles with heavy atomic targets, an alternative and very
promising route has been offered recently to investigate
the bound–electron—free–positron production. In this
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process a free incoming electron is captured into a bound
state of heavy, highly–charged ion and the released en-
ergy is converted into an electron–positron pair [13]. Due
to the schematic similarity to the usual dielectronic re-
combination of few–electron ions, this process has been
denoted as negative continuum dielectronic recombina-
tion (NCDR). It is important to outline, however, that
in contrast to dielectronic recombination, the electron to
be “excited” in NCDR is not initially bound to an ion
but an electron from the negative continuum. Therefore,
negative continuum dielectronic recombination of a free
electron with an initially bare nucleus of charge Z results
in the production of a helium–like ion and a free outgoing
positron:
XZ+ + e− → X(Z−2)+ + e+ . (1)
Of course, this reaction has a threshold and becomes pos-
sible only if the energy of incoming electron in the center
of mass rest frame is larger than the sum of the positron
rest energy and the energy of the residual helium–like
ion.
Unlike the other mechanisms of pair creation, the
NCDR involves only one–center Dirac problem which sig-
nificantly simplifies its theoretical analysis. In Ref. [13],
for example, the first–order perturbation approach has
been developed to study the properties of the emit-
ted positron and the total recombination probabilities.
Within this approach, based on relativistic Dirac’s the-
ory, detailed calculations have been carried out for the
cross-sections of the NCDR into the ground (1s)2 state
of (initially) bare led Pb82+ and uranium U92+ ions.
These calculations have indicated that the ground–state
recombination cross-sections do not exceed the value of
30 µbar. This makes, experimental study of the NCDR
process rather difficult. It was argued, however, that a
significant enhancement of the NCDR probability can be
2expected due to electron transfer into excited states of
finally helium–like ions. Together with the unique signa-
ture of ionic charge change by two units accompanied by
a simultaneous positron emission [cf. Eq. (1)], such an
enhancement shall render the NCDR process observable
with the advent of the new generation of heavy–ion stor-
age rings with high beam intensities such as, for example,
at the future Facility for Antiproton and Ion Research
(FAIR) at Darmstadt [14].
Despite its impact on the planned FAIR experiments,
the influence of the excited–state recombination on the
total NCDR probability has not been studied in detail
until now. A first step towards such a study was per-
formed by us in Ref. [15] where the electron transfer into
some low–lying bound states of high–Z, bare ions has
been investigated. Relativistic calculations performed in
Ref. [15] have confirmed the significant role of excited–
state NCDR but have faced us to the necessity of a more
systematic analysis.
In this contribution, we apply here the first–order per-
turbation theory based on the relativistic Dirac’s equa-
tion to explore a negative continuum dielectronic re-
combination of a free electron into singly– and doubly–
excited states of (initially) bare, highly–charged ions.
Special emphasis in our present study is placed on the
contributions which come from the excited–state capture
to both, the total and the angle–differential NCDR cross
sections. The basic expressions for these cross-sections,
as obtained within the framework of the independent par-
ticle model (IPM) for the description of the (final) two–
electron states, are discussed in Section II. In particular,
it is argued that any analysis of the NCDR properties
can be traced back to the transition amplitudes which
describe the interelectronic interaction in the capture
process. In Section III, the evaluation of these matrix
elements is briefly outlined. Results of our fully relativis-
tic calculations are presented then in Section IV for the
initially bare uranium ions U92+ and for a wide range of
collision energies. The calculations have been carried out
for the NCDR into all singly–excited (1snlj)J with n ≤ 4
and doubly–excited (2s2lj)J states. In order to take into
account even higher–lying states, an extrapolation of our
results has been performed to larger principal quantum
numbers n. By making use of such an extrapolation pro-
cedure we have found that the recombination into excited
ionic states may enhance the total cross-section by about
75 % when compared to the ground–state NCDR. A brief
summary of this important finding and its implication for
future experiments is finally given in Section V.
Relativistic units (~ = me = c = 1) are used through-
out the paper. In the following, moreover, electron en-
ergies are always defined as including the electron rest
mass.
−pf
Pa pi
Pb
FIG. 1: Feynman diagram for the negative-continuum dielec-
tronic recombination. a and b are the bound one-electron
states and P is the permutation operator.
II. THEORY
Not much has to be said about the basic formalism
for studying the negative continuum dielectronic recom-
bination of high–Z bare ions. Recently, this formalism,
based on the quantum electrodynamical approach, has
been discussed by us in Refs. [13, 15]. In particular,
we argued that to zeroth order of perturbation theory,
NCDR is given by the diagram shown in Fig. 1. In this
diagram, pi is the asymptotic momentum of the incom-
ing electron and a and b denote the quantum states of
the (finally) bound electrons. Moreover, according to the
standard procedure [16, 17], the outgoing positron with
four-momentum pf is described as an incoming electron
with four-momentum −pf .
Evaluation of the diagram depicted in Fig. 1 requires
the knowledge of the (two–electron) wavefunction of the
final ionic state. Since our analysis of the NCDR pro-
cess is restricted to heavy ions for which the electron–
electron interaction effects are usually small, it is con-
venient to describe this wavefunction within the frame-
work of the independent particle model (IPM). That is,
the wavefunction of the final helium–like ion with the
well–defined angular momentum J and its projection M
is approximated by means of Slater determinants built
from hydrogenic orbitals:
ΨboundJM (r1, r2) = N
∑
ma,mb
CJMjama, jbmb
×
∣∣∣∣ ψnaκama(r1) ψnbκbmb(r1)ψnaκama(r2) ψnbκbmb(r2)
∣∣∣∣
= N
∑
ma,mb
CJMjama, jbmb
∑
P
(−1)P
× ψnPaκPamPa(r1)ψnPbκPbmPb(r2) .(2)
Here, ψnaκama(r) and ψnbκbmb(r) are the well–known
solutions of the Dirac’s equation for a bound electron,
CJMjama, jbmb is the Clebsch–Gordan coefficient, P is the
permutation operator, (−1)P is the permutation parity
andN is the normalization factor. As usual, this factor is
3N = 1/2 for na = nb, κa = κb and N = 1/
√
2 otherwise.
By making use of the final state wavefunction (2) we
are able to evaluate the Feynman diagram from Fig. 1
and, hence, to find the differential (in positron emission
angle) NCDR cross–section in the center of mass rest–
frame:
dσ
dΩf
(naκa, nbκb; J) =
16pi4N2
vi
p
2
f
×
∑
M
∑
ma,mb
∑
mi,mf
∣∣∣∑
P
(−1)PCJ Mjama, jbmb
×〈PaPb |I(εi − εPa)| pi,mi,−pf ,mf 〉
∣∣∣2 ,
(3)
where we assume that the incident electron is unpolar-
ized and the spin states of the residual ion and emitted
positron remain unobserved. In Eq. (3), moreover, for
the sake of shortness we denote |ab〉 ≡ |naκama, nbκbmb〉,
εi and εa,b are the one–electron Dirac energies of the in-
coming and bound electrons, respectively, and I(ω) is the
electron–electron interaction operator. In Coulomb and
Feynman gauges this operator reads:
IC(ω) = α
(
1
r12
− (α1 · α2)exp(i|ω|r12)
r12
+
[
(α1 ·∇1),
[
(α2 ·∇2), exp(i|ω|r12)− 1
ω2r12
]])
,
(4)
IF (ω) = α(1 −α1 ·α2)exp(i|ω|r12)
r12
, (5)
where r12 = |r1− r2| and αk denotes the vector of Dirac
matrices for the kth electron. Below, we employ the
Feynman gauge to calculate the NCDR cross-sections. It
is obvious, however, that the results obtained are gauge
invariant since both the free– and bound–state wavefunc-
tions in Eq. (3) are exact solutions of the Dirac equation.
The transition matrix element in the last line of Eq. (3)
contains the wavefunctions of incoming electron |pimi〉
and outgoing positron |−pfmf 〉 with the well defined
asymptotic momenta. For the further evaluation of the
NCDR differential cross-section, it is therefore necessary
to decompose these continuum waves into partial waves
in order to apply the standard techniques for the theory
of angular momentum. As discussed previously, however,
special care has to be taken about the choice of the quan-
tization axis since this directly influences the particular
form of the partial wave decomposition. Using, for exam-
ple, the incoming electron momentum pi as the quanti-
zation axis (z–axis), the full expansion of the continuum
electron wave function is given by [1, 18]:
|pimi〉 = 1√
4pi
1√
εi|pi|
∑
κ
il exp(i∆κ)
×
√
2l+ 1Cj mil 0, (1/2)mi |εi, κ,mi〉 , (6)
where the summation runs over Dirac’s angular momen-
tum quantum number κ = ±(j+1/2) for l = j±1/2 with
l representing the parity of the partial waves |εi, κ,mi〉.
In expansion (6), moreover, ∆κ is the Coulomb phase
shift and the partial waves
〈r|εi, κ,mi〉 =
(
gεi,κ(r)Ωκmi(rˆ)
ifεi,κ(r)Ω−κmi(rˆ)
)
, (7)
decompose in a standard way into a radial and an angular
part and, thus, help to carry out the integration over all
angles in the NCDR cross-section (3) analytically.
In contrast to the incoming electron, the outgoing
positron does not necessarily move along the z–axis. In
this case it is rather convenient to retain the axis of spin
quantization in the direction of z–axis and just rotate the
space part of the wavefunction [1]:
| − pf ,mf 〉 = 1√
εf |pf |
∑
κ,Mf
il
′
exp(i∆κ)
×Cj Mfl′ml′ , (1/2)mfY
∗
l′ml′
(−pˆf )
×| − εf , κ,Mf〉 . (8)
Indeed, the value of mf in this expansion does not have
any physical meaning since for the relativistic continuum
electron (positron) the spin projection has a sharp value
only in the direction of propagation (so called helicity).
However, since in Eq. (3) we perform summation over all
possible spin states of the outgoing positron the use of
expansion (8) is well justified.
By inserting now partial wave expansions (6) and (8)
into Eq. (3), we finally can write the differential NCDR
cross-section as:
dσ
dΩf
(naκa, nbκb; J) =
4pi3|pf |N2
εfp2i
×
∑
M
∑
mamb
∑
mi,mf
∣∣∣ ∑
P,κi,κf ,Mf
(−1)P
×CJ Mjama, jbmb ili+l
′
f exp(i∆κi + i∆κf )
√
2li + 1
×Cji mili 0, (1/2)miC
jf Mf
l′
f
ml′
f
, (1/2)mf
Y ∗l′
f
,ml′
f
(−pˆf )
×〈PaPb|I(εi − εPa)|(εi, κi,mi)(−εf , κf ,Mf )〉
∣∣∣2 .
(9)
Within the framework of independent particle model this
equation is still exact and allows to calculate the cross-
section for the negative continuum dielectronic recombi-
nation into any possible final configuration of the helium–
like ion. In the next Section, for example, we make use
of Eq. (9) to investigate electron capture into singly– as
well as doubly–excited states of U90+ ions.
III. COMPUTATION
As seen from Eq. (9), any further analysis of the NCDR
angle–differential cross-sections can be traced back to the
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FIG. 2: Differential cross-section in the emitted positron angle
for the NCDR into (1s)2 state (dashed line) and sum of the
cross-sections into all possible (1snlj) with n ≤ 4 and (2s2lj)
states (solid line).
transition amplitude:
M(a, b)
= 〈naκama, nbκbmb |I(εi − εa)| (εi, κi,mi)(−εf , κf ,Mf)〉
(10)
which describes the interelectronic interaction during the
capture process. In the computations below, we make use
of the single–particle Dirac’s wavefunctions modified for
the finite nuclear size in order to evaluate such an ampli-
tude. Similar to our previous work [13], the radial com-
ponents of these wavefunctions have been calculated with
the help of the RADIAL package [19]. This package can
be applied for computation of both bound and continuum
solutions of the Dirac equation, but only for positive en-
ergies. In order to find negative–continuum solutions, we
used the fact that the large g
(e−)
−ε,−κ and the small f
(e−)
−ε,−κ
radial components of the electron wave function can be
expressed in terms of the positron function components
as g
(e−)
−ε,−κ(r) = f
(e+)
ε,κ (r), f
(e−)
−ε,−κ(r) = g
(e+)
ε,κ (r) [18].
By making use of the standard two–component repre-
sentation (7) of the electron (and positron) wavefunctions
as well as the multipole expansion of the interelectronic
interaction operator (4), we were able to separate NCDR
transition amplitude (10) into the radial and the spin–
orbital parts. While the latter can be evaluated analyti-
cally using the calculus of the irreducible tensor operators
[20], the radial integrations have been accomplished nu-
merically with the help of Gauss–Legendre quadratures.
To perform this two-dimensional integration we used the
standard technique, elaborated for the calculation of such
integrals in the case when all four wave function describe
bound electrons (see e.g. Ref. [21]). However, for rela-
tivistic ion–atom collisions such an integration is not a
simple task due to the rapid oscillations of the Dirac con-
tinuum wavefunctions. In order to overcome this prob-
lem we had to use much denser grid of integration knots,
than in the case of bound wave functions. Most seri-
ously these oscillations affect NCDR calculations for the
highly–excited ionic states which have a significant over-
lap with the continuum spectrum. In order to achieve a
required accuracy of 0.01 % in the computation of radial
integrals for these states, we have used few hundreds in-
tegration grid points in the Gauss–Legendre procedure.
Stability of our numerical results with respect to the ex-
act number and position of radial knots has been proved
in series of calculations.
Apart from the influence of the particular integration
(Gauss–Legendre) scheme, the role of nuclear–size effect
in the numerical evaluation of the NCDR cross sections
has been also verified. By making use of the RADIAL
package, calculations have been performed not only for
the (finite–size) nucleus with root-mean-square radius of
5.86 fm but also for the point–like nucleus. Nuclear–size
effect, found from this calculations does not exceed the
level of 0.1% which is well below experimental accuracy
of the planned NCDR experiments.
IV. RESULTS AND DISCUSSION
After a brief discussion of the theoretical background
and the main computational procedures we are ready now
to focus on the question of how the electron capture into
(highly) excited ionic states affects the total NCDR cross-
section σtot. We define such a cross-section as a sum
over all partial cross-sections describing recombination
into possible particular states of the (finally) helium–like
projectile:
σtot =
∑
naκa,nbκb;J
σ(naκa, nbκb; J) , (11)
where, in turn, σ(naκa, nbκb, J) is obtained upon inte-
gration of Eq. (9) over the positron emission angle:
σ(naκa, nbκb, J) =
∫
dσ
dΩf
(naκa, nbκb; J) dΩf . (12)
Most naturally, this angular integration can be performed
analytically by using the explicit form of the differential
cross section (9) and the orthogonality properties of the
spherical harmonics.
Before presenting results of our calculations for the to-
tal NCDR cross sections, first we would like to discuss the
influence of the excited–state recombination on the emis-
sion pattern of positrons. In Fig. 2, we display the differ-
ential cross sections (9) as a function of positron emission
angle for the recombination into helium–like U90+ ions.
In the left column of the figure results of our fully rela-
tivistic calculations are presented in the rest frame of the
ion which—to zeroth order in mel/Mion—coincides with
5the center of mass rest–frame. Within this frame we have
studied positron emission patterns for three kinetic en-
ergies of incoming electron: 950 keV (upper panel), 1300
keV (middle panel) and 1700 keV (lower panel). For all
three energies we present not only the K–shell capture
cross section (dashed line) but also the sum of the partial
(differential) cross-sections for the NCDR into all singly
excited states (1s nlj)J with n ≤ 4 and doubly–excited
states (2s 2lj)J . As seen from Fig. 2, while the capture
into these states almost does not affect the NCDR cross-
section at the near–threshold energy of Tel = 950 keV, it
results in a significant enhancement of positron emission
for higher electron velocities. For the collision energy of
Tel = 1700 keV, for example, the NCDR cross-section in-
creases by about factor of two if the recombination into
excited ionic states is taken into account.
Until now we have discussed the NCDR differential
cross-sections only in the rest frame of the ion. While the
theoretical analysis of the electron recombination process
is easier to be performed in such a projectile frame, the
forthcoming experimental results on the positron emis-
sion most likely will be obtained in the electron rest–
frame (laboratory frame). In the following, therefore, we
shall apply the Lorenz transformation in order to find
the cross-section (9) in the laboratory frame. As it was
already discussed in Refs. [1, 13, 22], such a transfor-
mation predicts that positron emission in the laboratory
frame is possible only within the forward hemisphere and
that the maximal emission angle is given by:
sin(θmax) =
βpγp
βnγn
. (13)
Here, γ = 1/
√
1− β2 is the relativistic Lorenz factor and
β denotes the velocity (in units of the speed of light).
Moreover, the values with sub–index ′′p′′ correspond to
the positron’s speed and Lorenz factor in the nucleus–
rest frame while ones with sub–index ′′n′′ to the nucleus
in the laboratory frame.
Existence of the maximal emission angle (13) leads to
the fact that the differential NCDR cross-section (9) cal-
culated in the laboratory frame becomes infinite when
θf = θmax [cf. Ref. [13] for further details]. This singu-
larity appears, however, only for the “model” calculations
with monochromatic ions and electrons. If one considers,
in contrast, some velocity distribution of the particles
either in electron target or/and in ion beam such a sin-
gularity transforms into a resonant peak. Theoretical
investigation of the peak structures in the NCDR cross-
section is currently underway and will be reported in a
upcoming publication.
It immediately follows from Eq. (13) and the energy
conservation condition that the maximal positron emis-
sion angle θmax and, hence, the (position of) singular-
ity in the recombination cross-section, depends on the
energy of the final helium–like state. This can be ob-
served in the right column of Fig. 2 where the NCDR
TABLE I: The total cross-section of NCDR into the (1snlj),
and (2s2lj) states of U
90+ (initial charge state 92+). Units
are keV for the kinetic energy of the electron, µbarn for the
cross sections.
Tel 950 1300 1700
(1s)2 13.8 26.7 20.0
(1s2s) 6.82×10−1 7.47 5.91
(1s2p) 2.62×10−1 2.87 2.41
(1s3s) 9.49×10−2 2.12 1.73
(1s3p) 4.02×10−2 9.58×10−1 8.18×10−1
(1s3d) 7.80×10−4 1.37×10−2 1.88×10−2
(1s4s) 2.38×10−2 8.40×10−1 6.95×10−1
(1s4p) 1.22×10−2 4.16×10−1 3.54×10−1
(1s4d) 3.33×10−4 8.89×10−3 7.41×10−3
(1s4f) 2.61×10−5 2.97×10−4 1.01×10−3
(2s)2 4.69×10−1 4.41×10−1
(2s2p) 3.38×10−1 3.37×10−1
Σ 14.9 42.2 32.7
Extrapolated 14.9 44.3(7) 34.5(9)
cross-section is displayed in the laboratory frame as a
function of positron emission angle. As seen from the
figure, the positrons emitted in the K–shell NCDR have
the largest angle θmax. This angle is drastically reduced,
however, for the electron capture into (weaker bound)
excited ionic states. Such an energy– and, hence, state–
dependence of the NCDR differential cross-section pro-
vides a unique possibility to separate experimentally the
positrons which are emitted in course of the ground–
as well as excited–state electron recombination. More-
over, the existence of the maximal angle θmax may allow
one to distinguish NCDR from the other—competitive—
processes which also result in positron emission. Obvi-
ously, this becomes possible if one starts to detect the
outgoing positrons at the polar angles larger then the
maximal one for the NCDR into the ground state.
Up to the present we have discussed the angle–
differential NCDR cross-sections both in the projectile
(ion–rest) and in the laboratory (electron–rest) frames.
Integration of these cross sections over the positron emis-
sion angle and summation over all configurations (see
Eqs. (11)–(12)) will yield the total NCDR cross-section.
In contrast to the angle–differential ones, this cross-
section does not depend on the particular frame [cf.
Ref. [13] for further discussion]. Hence, one can per-
form the integration over the positron emission angles in
both the ion– and the electron–rest frames. Below, for
example, the total cross-sections are calculated within
the projectile frame which is more preferable from the
computational viewpoint because of the absence of the
singularities in the positron angular distribution.
As seen from Eq. (11), the computation of the total
NCDR cross-section σtot requires first a knowledge of
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the partial cross-sections σ(naκa, nbκb, J) describing the
electron recombination into the particular two–electron
states |naκa, nbκb; J〉. In our present work, for in-
stance, we take into account all singly–excited (1s nlj)
(up to (1s 4f7/2)) and doubly–excited (2s 2lj) states of
finally helium–like uranium U90+ ions. The partial cross-
sections for the recombination into these states are given
in Table I for three energies of incoming electron: Tkin =
950 keV, 1300 keV and 1700 keV. As seen from the table,
the probability of the NCDR process significantly reduces
for the highly excited ionic states. For instance, the cross-
section of the recombination into the (1s 4f7/2)3,4 levels is
about four orders of magnitude smaller comparing with
the ground–state one σ((1s)2). Such a behavior of the
NCDR probabilities allowed us to apply an extrapolation
scheme in order to estimate the contribution from the
(1s nlj) states with n > 4 to the total cross-section (11).
That is, by employing the polynomials in inverse powers
of N for fitting the cross–sections
σN =
N∑
n=1
∑
ljJ
σ(1s nlj; J) , (14)
we were able to find σtot = limN→∞ σN . Application
of the (1/N)l–polynomial fitting seems to be justified
since both the (ordinary) electron capture and bound–
state pair production cross sections are known to scale
roughly as 1/N3 [1]. One may expect, therefore, similar
N–dependence for the NCDR process which leads to a
production of a singly–excited helium–like ions. The ex-
trapolation procedure is illustrated in Fig. 3, where the
symbols display our numerical results for σN taken for
N = 1...4, solid lines plot the interpolation polynomials,
and dashed lines indicate their limits at N →∞. In con-
trast to the singly–excited states, no extrapolation pro-
cedure has been applied for the high–n doubly–excited
states since their contribution to the total NCDR cross-
section (11) was found to be negligible. Instead, we just
added partial cross-sections σ(2s 2lj) to the results of the
extrapolation over (1s nlj) states.
In order to estimate an accuracy of our extrapolation
scheme, we have used first only the levels with n = 1,
2 and 3 in order to find a fitting function. Then we re-
peated the same procedure but now including cross sec-
tions for the recombination into the (1s 4lj) states. The
second asymptotic limit was found to be in about 1–2%
agreement with the first one.
The total NCDR cross-sections σtot obtained by means
of the procedure discussed above are given in the last
row of Table I together with the estimations of the com-
putational error. These estimations have been derived
by comparing the results of the extrapolation procedure
performed with the help of the polynomials of different
degrees. As seen from the last row of the table, negative
continuum dielectronic recombination into excited ionic
states results in a significant enhancement of the total
cross-section σtot when compared with the ground–state
capture (cf. first row of the table). Moreover, the role
of the excited states in the NCDR process increases with
increasing kinetic energy of the electron. While, for ex-
ample, the excited–state contribution to the total cross-
section (11) does not exceed 8 % for the electron kinetic
energy of Tel = 950 keV, it increases to almost 75 % for
Tel = 1700 keV. Such a behavior can be easily explained
by the fact that the threshold of the NCDR process de-
pends on the total energy Eab of the (final) two–electron
system (2) as:
εthab = Eab +mc
2 , (15)
and, hence, increases for excited ionic states. Therefore,
since close to threshold the probability of the NCDR is
very low due to strong exponential damping of the low-
energy positron wave function in the region close to the
nucleus, the role of the excited–state recombination be-
comes more pronounced only for rather high collision en-
ergies.
In Table I we have presented the total (11) as well as
partial (12) NCDR cross-sections for only three energies
of incoming electron. In order to study the energy de-
pendence of these cross-sections in more detail we plot
them in Fig. 4 as a function of Tel. Similar to before, the
dashed curve in the figure represents the partial cross–
section σ((1s)2) of the NCDR into the ground state. Next
four curves are obtained by adding to σ((1s)2) the cap-
ture cross-sections for the (1s 2lj), (1s 3lj), (1s 4lj), and
(2s 2lj) states, respectively [cf. Eq. 14]. Finally, the solid
curve display the total cross-section σtot obtained as a re-
sult of the extrapolation procedure. Again, the increas-
ing role of the excited ionic state (1s nlj) and (2s 2lj)
for kinetic energies Tel > 1000 keV can be clearly seen
from the figure. Apart from the significant enhancement
of the NCDR probability, the recombination into these
states leads also to a slight shift of the maximum of the
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FIG. 4: The total cross-section of NCDR into various bound
states as a function of the kinetic energy of the incoming
electron.
total cross-section σtot(Tel) towards the higher collision
energies.
V. SUMMARY
In summary, the negative continuum dielectronic re-
combination of high–Z, bare ions with free electron tar-
gets has been studied within a framework of the first–
order perturbation theory and Dirac’s relativistic equa-
tion. For this process, which leads to a production of
a continuum–state positron and a residual helium–like
ion, we have evaluated both, the angle–differential and
the total cross-sections. Special attention in our theoret-
ical analysis has been paid to the effects on these cross–
sections owing to an electron transition into excited ionic
states. We have demonstrated, for example, that NCDR
into singly–excited (1s nlj) with n > 1 and doubly ex-
cited (2s 2lj) states of (finally) helium–like uranium U
90+
may result in a significant—up to 75 %—enhancement of
the total recombination cross-section.
Despite such an enhancement, total recombination
cross sections remain rather small making thus obser-
vation of the process difficult at the present–day facil-
ities. Owing to the recent advances in ion storage ring
and particle detector techniques, however, NCDR experi-
ments are planed to be carried out at the future ion beam
FAIR facility [14]. One of the signatures of the NCDR
process is that the projectiles change their charge state
by two units. For the estimated NCDR cross sections
and beam intensities of 108 ions/second at an energy of
1.5 GeV/u (conservative estimate for the FAIR facility
[14]), an event rate of about 2/10 per second can be ex-
pected for a target thickness of 1019 particle/cm2 . As
targets one may prefer low–Z targets such as Be. Here,
competitive atomic processes such as uncorrelated dou-
ble electron capture might lead to a background of about
one event per minute which may partially mask the orig-
inal process. In order to avoid such a background an al-
ternative experimental set–up may be considered where
the emitted positron is detected in coincidence with the
down–charged ions. Assuming a detector efficiency of the
level of 1% about 10 coincidence events in one hour could
be expected which makes NCDR process clearly observ-
able at the future FAIR facility in Darmstadt. More de-
tailed analysis of the various experimental scenarios as
well as of the possible competitive processes is now un-
derway and will be presented elsewhere [23].
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